Abstract: Piezoelectric micro-actuator made from lead-zirconium-titanium (PZT) has been a suitable choice as the secondary actuator of a dual-stage actuator system. However, like any other piezoelectric actuator, this secondary PZT micro-actuator also exhibits hysteresis which is the inherent nonlinearity characteristic of piezoelectric material. Therefore, the advantage gained by the precision of secondary actuator is somewhat lost by this hysteresis, if not compensated. This paper proposes a rigorous technique for analysing, identifying and compensating the hysteresis of PZT actuator used in dual-stage actuator system. Identification and compensation are the two parts of the paper. In the first part of the paper, the parameters of generalised Prandtl-Ishlinskii (GPI) model are identified offline by particle swarm optimisation (PSO) technique. In compensation part, inverse GPI as the hysteresis compensator is obtained from the identified hysteresis model. Then in case of parameter uncertainty, PSO-based online tuning method is employed to adaptively adjust the parameters of inverse GPI model. For the linear controller of dual-stage, a simple design approach is followed. Simulation results show that the proposed technique can be efficiently used for the identification and compensation of hysteresis of PZT micro-actuator.
energy conversion and storage functions, including ferroic, piezoelectric, photovoltaic, and biochemical sensing materials, material-critical sensors, actuators, transducers, and their applications. This paper is a revised and expanded version of a paper entitled 'Particle swarm optimization based modeling and compensation of hysteresis of PZT micro-actuator used in high precision dual-stage servo systems' presented at the IEEE International Conference on Mechatronics and Automation, China, 3-6 August 2014.
Introduction
High precision servo system has become an important interdisciplinary research topic which is involved in a wide range of applications across various fields such as semiconductor manufacturing, information and data storage technology, biomedical engineering, etc. Servo system of many of these applications requires motion over large distance as well as fine precision. In order to meet these both requirements, a dual-stage servo system is required. A dual-stage servo system consists of a coarse actuator for large motion and a fine actuator for precise motion over short distance. Large inertia of the coarse actuator and its high frequency flexible modes make it hard to achieve highly precise motion control using it alone. A lightweight micro-actuator, piggyback on the coarse actuator and capable of fast movement, is used to control the motion with precision. However, distance covered by the micro-actuator is very small and hence, it is not capable of manoeuvring over large distance. Synergy of the primary coarse actuator and the secondary micro-actuator makes it possible to achieve motion control over large distance with fine precision. Micro-actuator made from piezoelectric material like PZT is a popular choice as the secondary stage.
However, the level of precision is compromised by hysteresis nonlinearity, an inherent property of PZT actuator. Hysteresis reduces the accuracy of the micro-actuator and thus limits the achievable precision of the servomechanism. Hysteresis may also cause oscillations in the responses (Tao and Kokotovic, 1995) . Such oscillations could be particularly detrimental in applications involving micro-positioning measurement and control (Chen and Hisayama, 2008; Al Janaideh et al., 2008; Yi et al., 2009; Shan et al., 2008) . Unbounded oscillations may even lead to closed-loop instability. Therefore, it is important to compensate the hysteresis nonlinearity of PZT micro-actuator.
A number of hysteresis models have been proposed in the past to depict the hysteresis behaviour of smart actuators and thereby designing the compensator for reducing the hysteresis effects (Smith, 2005; Leang et al., 2009 ). These models include both physics-based models (Smith, 2005) and phenomenological models (Mayergoyz, 2003; Brokate and Sprekels, 1999; Visintin, 1994) . Phenomenological models are identified from input-output (I/O) data obtained from experiment. Phenomenological hysteresis models published in the literature include Preisach model (Mayergoyz, 2003) , the Krasnosel'skii-Pokrovskii model (Visintin, 1994) , the Prandtl-Ishlinskii model (PI) (Shan et al., 2008) , etc. By applying a generalised play hysteresis operator to PI model in conjunction with density function and envelope function, it can be used to characterise accurate hysteresis nonlinearities in piezoelectric actuators.
As an identification and optimisation technique, particle swarm optimisation (PSO) method can generate a high-quality solution within shorter calculation time and stable convergence characteristics than other stochastic methods. Much research is still in progress for proving the potential of the PSO in solving complex problems. In control system, uncertainties are encountered both in the environment and within the system. These uncertainties can occur, for example, due to the simplified models or the equipment exposed to the environment of temperature and pressure. Then, the identified model parameters are fluctuated and the controllers need to be regularly retuned. In recent years, some research works were done in parameters tuning algorithm with PSO, by which the PID parameters are optimised (Xu, 2010; Wang et al., 2008; Payakkawan et al., 2009; Chen et al., 2009) .
Motivated by the previous works on hysteresis modelling and parameter tuning technique by PSO; in this paper a PSO-based modelling technique is proposed where a generalised Prandtl-Ishlinskii (GPI) model is adopted for identification of hysteresis nonlinearity in PZT micro-actuator of dual-stage actuator system. Corresponding inverse GPI model is identified as the hysteresis compensator. This identification of GPI and inverse GPI model is done offline. Then in case of parameter uncertainty, PSO-based online tuning method is used to adaptively adjust the parameters of hysteresis compensator. As the experimental platform, a dual-stage hard disk drive (HDD) is used in this paper. Hysteresis nonlinearity of the PZT micro-actuator used in this dual-stage HDD is analysed. The paper is organised as follows.
VCM and PZT frequency responses are presented in Section 2. Hysteresis analysis and identification are discussed in Section 3. Section 4 presents the simulation results. Conclusion of our findings and scope of future works are shown in Section 5.
Frequency response and linear models
The experimental setup for measuring the frequency response consists of a dynamic signal analyser (DSA), VCM driver, PZT amplifier and the laser Doppler vibrometer (LDV) OFV 5001. The sweep sine excitation signal generated by the DSA is applied to the driver/amplifier and actuator displacement is measured using the LDV. Resolution of the LDV is set to 50 nm/V. 
LabVIEW frequency response analyser code generates the excitation signal (sweep sine) applied to the VCM driver circuit or PZT amplifier. The same signal is also connected to one of the input channels of DSA. The displacement signal from the LDV is connected to the second input channel of DSA. The analyser produces the frequency response data, and the result is saved for further processing.
VCM plant model
From the measured frequency response [ Figure 2 (a)] VCM actuator can be modelled as a double-integrator for the lower frequency with several resonant modes in the high frequency. Therefore the VCM plant model is of the following form,
where N is the number of mechanical resonant modes modelled. A Σ-type model is used for the mechanical resonances where each mode is modelled using a pair of lightly damped complex conjugate poles. Three parameters (ω i , ω ri and ζ i ) are to be identified for each resonant mode, The parameters of the rigid body model (double-integrator) and the resonant mode model are identified using the method given in Yamaguchi et al. (2011) . General guidelines for constructing a Σ-type model are:
1 Consider the modes with larger gain before proceeding to the modes with smaller gain 2 Set the modal angular frequency ω ri to match the frequency of the peak gain 3 Tune the modal damping ratio ξ ri by using the half value method in order to fit frequency-width of the peak gain at half of the maximum and shape of phase change and 4 Adjust the absolute value and sign of the residue A i to match the peak gain and direction of phase change in the data, respectively.
The response of the identified VCM model is shown superimposed on the experimental frequency response in Figure 2 (a). The high frequency phase part of the identified model is not exactly matched with the experimental response which may be the case of neglecting many high frequency resonant modes. Here, transport delay is not considered also. The identified parameters of (1) and (2) are shown in Table 1 and Table 2 . 
PZT plant model
Similar to the identification of VCM plant model, a frequency response experiment is done for PZT model identification. The obtained experimental frequency response data is then used to identify a linear model of the PZT micro-actuator. The identified model is in the form of
where K p is the gain, n is the number of resonant modes of the PZT actuator. Each resonant mode is identified as The identified parameters of (3) and (4) are presented in Table 3 and Table 4 . The response of the identified PZT model is shown in Figure 2 (b). Remark: The measured frequency response relates an input signal measured in volts (V) to an output signal measured in volts (V). So the transfer functions are unit-free. The output signal can be converted into displacement unit simply by multiplying by the scaling factor of 50 nm/V.
Hysteresis modelling of PZT micro actuator

Hysteresis analysis
Hysteresis is a non-vanishing I/O loop at asymptotically low frequency which is an inherent nonlinear characteristic of the system. At high frequency, phase lag from the linear system adds to the response. Therefore, in order to analyse hysteresis, it is necessary to capture the time domain data at low frequency. In order to determine how low this frequency should be to precisely characterise hysteresis, data is captured at different low frequencies and the I/O loops are analysed . For capturing the hysteresis few time-domain experiments are done. The sinusoidal signal generated from the desktop PC where the dSPACE 1104 card is installed. The signal is sent to PZT driver through the digital-to-analogue converter (DAC) channel 8. The signal from the LDV is fed back to the desktop PC through the analogue-to-digital converter (ADC) channel 7 [ Figure 1(c) ]. Sampling frequency of the dSPACE card is set to 40 KHz. Experimental results for sinusoidal signals of different frequencies and corresponding simulated responses from linear model are shown in Figure 3 and Figure 4 respectively. For the linear model, smaller the frequency of the input sine wave, smaller is the phase shift between input and output. The I/O loop obtained from the linear model is almost vanished for input frequency of 100 Hz. The I/O loop is almost a straight line at this frequency. Therefore, a 100 Hz sinusoidal input is used to examine the hysteresis characteristics at different amplitudes.
Hysteresis is a nonlinear characteristic and any nonlinearity is an amplitude-dependent phenomenon. Therefore amplitude dependence must be taken into consideration when obtaining data. These obtained data are used for hysteresis analysis. Output responses are acquired for different amplitudes of input sine wave of 100 Hz frequency. The output versus input plot for all these experiments are shown in Figure 5 . The responses of the linear model are also shown. 
Hysteresis model
In this work, GPI model is adopted for hysteresis identification. The details of hysteresis play operator and GPI model have been discussed in Al Janaideh et al. (2008) .
The PI hysteresis models are limited to symmetric hysteresis loops, therefore generalised PI can be employed to depict the I/O relationships of the piezoelectric actuators. The discrete-time GPI model which makes use of generalised play operators can be described as
where v(k) is the discrete time input with k = [0, 1, 2, …, N] and N being the total number of discrete samples. Y(k) is the output of the model. In (5), n is the number of generalised play operator described as
with ( ) ( )
The density function p j and envelope functions γ l and γ r are 
The constants q, α, β, ρ, φ l , φ r , θ l , θ r are to be identified to complete the modelling of hysteresis and PSO is used to find these parameters.
Hysteresis model identification
Particle swarm optimisation
In this paper, GPI hysteresis model parameters are identified through PSO which is a population-based optimisation technique motivated by the intelligence of swarms (Venter and Jaroslaw, 2003) . In PSO, a possible solution of the optimisation problem is defined as the position of one particle. A number of particles constituting the swarm move around in the search space for the optimum solution and each particle adjust its status according to the experience of itself and of other particles as well. Velocity and position of each particle are randomly initialised. At each iteration, a particle keeps track of its own previous best position as well as the previous global best position among all the particles. The particle adjusts its position by using the information of current position, current velocity, distance between the current position and previous own best position and distance between the current position and previous global best position. The velocity and position of each particle is changed as follows:
where k is the iteration number; v i and x i are the velocity and position of the i th particle respectively; pbest i and gbest are the best position of i th particle and best position of the swarm respectively and w, c 1 , c 2 are the weight/weighing function, cognitive parameter and social parameter respectively. 
GPI model identification
Firstly, the GPI hysteresis model is identified using I/O data acquired with 6 V, 100 Hz input signal. Swarm size is selected form 10 particles to 60 particles, and the global minimum costs are compared for choice of different particles. Once the suitable swarm size is obtained, the weighting function w is varied from 0.1 to 0.2 in order to get the best value of w. I/O plots (hysteresis plots) are for these two cases are shown in Figure 6 and Figure 7 . Identified model is validated using all sets of experimental I/O data. Therefore, simulation is done to obtain the hysteresis loop (I/O loop) from the identified GPI model by using the test I/O data. Figure 8(a) shows the matching between experimental hysteresis and simulated hysteresis from identified GPI model. 
The procedure of tuning swarm size and weights is repeated again to identify a GPI model with 10 V sine I/O data and the identified GPI model is then tested by using all the test I/O data [Figure 8(b) ]. Finally, a GPI model is identified by segmented parameterisation. In segmented parameterisation, firstly all the parameters are obtained from an identification using one set of I/O data and half of the parameters are picked and fixed from there. The rest half of the parameters are extracted from identification by using another set of input-data [ Figure 8(c) ].
PSO-based hysteresis compensation
The parameters obtained for GPI model by using PSO are used for inverse GPI model, given below:
where γ -1 denotes the inverse function of γ ( ) ( ) ( )
where v(k) is the discrete time input with k = [0, 1, 2, …, N] and N being the total number of discrete samples. In (5), n is the number of generalised play operator described as
The parameters q 
The basic purpose of identifying the hysteresis model is to obtain the exact inverse of the model which can be used as the hysteresis compensator. Therefore, when the modelling is considered to be very precise and accurate, the inverse model can compensate the effect of hysteresis. Figure 9 shows the compensation of hysteresis when the modelling is accurate. Modelling accuracy strives that the same parameters identified (in Section 3) from the experiment using offline PSO technique are used for hysteresis model and compensator model in the simulation. The simulation results in Figure 9 are obtained for a multiple frequency reference trajectory. However, in case of parameter uncertainty which is a common practical problem, the exact modelling is quite impossible and online parameter tuning becomes somewhat necessary. Here, in this second part of the paper, a PSO-based parameter tuning technique is designed for adaptively adjusting the parameters of inverse GPI model in case of any parameter change. Figure 11 shows the block diagram of the proposed technique in micro-actuator control system and dual-stage servo system. The flowchart in Figure 10 shows the proposed technique of PSO-based hysteresis compensator tuning where the target cost function is defined as the
where y d is the hysteresis-compensated response and y m is the actual response from micro-actuator loop.
Results
This section presents the simulation results when the identified model is considered to be imprecise with respect to the experimental data. After the offline identification of the GPI hysteresis model and thereby inverse GPI model, the real plant can be changed due to any reason like temperature, air-pressure, etc. To illustrate this situation, the hysteresis model parameters are changed intentionally. To suppress the effect of this parameter change, hysteresis compensator is tuned online using PSO technique. Numerical simulations are conducted using a system developed in MATLAB and Simulink of MathWorks. It includes the dynamics of the system as well as the proposed controller. The following simulation scenarios are carried out. Figure 12 Global minimum of cost function for (a) scenario 1 (c) scenario 2 (e) scenario 3; step response for (b) scenario 1 (d) scenario 2 (f) scenario 3 (see online version for colours) 
Scenario 1: PZT micro-actuator control
Conclusions
The first part of the paper proposes a strong methodology of analysing and identifying hysteresis nonlinearity seen in PZT micro-actuator and the second part presents a PSO-based parameter tuning for compensation of hysteresis. In the second part, the proposed scheme is found to compensate successfully the hysteresis nonlinearity of PZT micro-actuator even in worst possible case. Resulting step response shows that in case of parameter change, the proposed technique results in negligible oscillation and overshoot and insignificant steady-state error in the output after a few iterations. Although this paper substantiates the application of proposed scheme to compensate for hysteresis behaviour and improving the system performance of a dual-stage actuation system of a commercial HDD, this scheme can be applied to other applications where hysteresis behaviour is encountered or to any kind of dual-stage system where piezoelectric actuator is used.
